Objective: To evaluate whether penetration of a combination regimen into the central nervous system (CNS), as estimated by the CNS Penetration-Effectiveness (CPE) rank, is associated with lower cerebrospinal fluid (CSF) viral load.
increase in the odds of detectable CSF viral load. In multivariate regression, lower CPE ranks were associated with detectable CSF viral loads even after adjusting for total number of ARV drugs, ARV drug adherence, plasma viral load, duration and type of the current regimen, and CD4 count.
Conclusions: Poorer penetration of ARV drugs into the CNS appears to allow continued HIV replication in the CNS as indicated by higher CSF HIV viral loads. Because inhibition of HIV replication in the CNS is probably critical in treating patients who have HIVassociated neurocognitive disorders, ARV treatment strategies that account for CNS penetration should be considered in consensus treatment guidelines and validated in clinical studies.
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O VER THE LAST 10 YEARS, the use of combination antiretroviral therapy has led to declines in the incidence of complications of human immunodeficiency virus (HIV) infection. [1] [2] [3] During this same period, the prevalence of neurologic disease has remained stable or increased, 4, 5 suggesting that treatment of central nervous system (CNS) disease may be suboptimal. One explanation for this may be poor antiretroviral (ARV) penetration into the CNS. Pharmacodynamic models 1 and in vivo evidence 2 suggest that the tissuespecific concentrations of ARV drugs are important determinants of their effectiveness in that tissue. Whether this is true for specific tissues in humans has been difficult to demonstrate because of technical limitations in sampling and determining tissue drug concentrations and viral loads (VLs). Many investigators have speculated that ARV concentrations in the CNS may be particularly important in treating nervous system disease, but no widely accepted or clinically useful approach to estimating CNS effectiveness exists. This has impeded clinical progress in managing the neurologic complications of HIV.
To address this need, we devised a practical method for quantifying the penetration of the many different ARV drug regimens currently prescribed. This method uses publicly available information about ARV drug characteristics, measured cerebrospinal fluid (CSF) concentrations, and effectiveness in the CNS to rank drugs relative to one another and provides a way to rank combination drug regimens by algorithmically combining the individual drug rankings. As a step toward validating this method for actual clinical use, we evaluated reductions in CSF VL as a function of the resulting CNS penetration-effectiveness (CPE) ranks. We hypothesized that patients treated with regimens having lower CPE ranks would be more likely to show evidence of residual viral replication in CSF (detectable CSF VL) than those treated with regimens having higher CPE ranks.
METHODS
The CNS HIV Anti-Retroviral Therapy Effects Research (CHAR-TER) study is a multicenter, prospective, observational study designed to recruit a cohort that is similar to the US population of individuals infected with HIV and to determine the effects of ARV therapy on the nervous system. The research was conducted at 6 North American locations. All research was approved by institutional review boards at each site. The study's procedures included comprehensive neuropsychological and neuromedical assessments, phlebotomy, and lumbar puncture. Data from baseline evaluations that occurred between October 2003 and January 2006 were included in this crosssectional analysis.
At the time of analysis, 833 HIV-positive individuals had enrolled in the CHARTER study. Venipuncture and lumbar puncture were successfully performed on 659 subjects (79%). Of these, 467 (71%) met eligibility criteria for this analysis by reporting current ARV drug use and having HIV VL measured in both plasma and CSF.
Plasma and CSF HIV VLs were quantified by reverse transcriptase-polymerase chain reaction (Amplicor, Roche Diagnostic Systems, Indianapolis, Indiana) using the ultrasensitive assay (nominal lower limit of quantitation, 50 c/mL). Blood CD4 ϩ cell counts were measured by flow cytometry. Penetration of ARV drugs was characterized using a hierarchical approach based on the best available evidence. Available data on chemical characteristics, CSF pharmacology, and effectiveness in the CNS were reviewed for ARV drugs approved by the US Food and Drug Administration using package inserts, drug references, published manuscripts, and conference abstracts. Using this approach, ARV drugs were classified into 3 categories. We considered an ARV drug to be in the lowest penetration category if (1) ). We considered an ARV drug to be in the high penetration category if (1) its molecular and pharmacologic properties supported relatively high penetration into the CNS (eg, nevirapine 7 ), (2) its concentrations in CSF were measurable in CSF in human or animal studies and concentrations consistently exceeded the population IC 50 for wild-type HIV (eg, ritonavirboosted lopinavir ). These rules were applied in a hierarchical manner: clinical effectiveness studies were considered the strongest evidence, pharmacokinetic studies were considered the next strongest evidence, and chemical data were considered in the absence of the other 2 types of evidence. For the purposes of categorization, protease inhibitors that were boosted with ritonavir were considered as a single drug distinct from the unboosted parent protease inhibitor. Individual ARV drugs were assigned a rank based on penetration category (0=low-est penetration, 0.5=intermediate penetration, 1=highest penetration). The CPE rank was then determined by summing the individual penetration ranks for each ARV drug in a regimen.
Regimens of ARV drugs were categorized into groups based on the number and mechanism of action of the component ARV drugs: (1) nonnucleoside reverse transcriptase inhibitor (NNRTI)-based regimens included at least 1 NNRTI with at least 2 other ARVs and no protease inhibitors; (2) protease inhibitor-based regimens included at least 1 protease inhibitor with at least 2 other ARVs and no NNRTIs; (3) other regimens containing 3 or more drugs; (4) 2-drug regimens; and (5) 1-drug regimens. Table 1 lists the number of subjects taking each type of regimen. All study subjects completed the ACTG ARV Adherence Questionnaire. Subjects who reported skipping at least 1 ARV dose over the previous 4 days were considered to have reduced adherence.
Plasma and CSF HIV VLs were log 10 -transformed prior to analysis to improve their distribution. The relationship between CPE ranks and VL was evaluated by Spearman . Viral loads were dichotomized as suppressed (Յ50 c/mL) or unsuppressed (Ͼ50 c/mL) and CPE ranks as above vs at or below 1.5 (the median) for some analyses. Univariate analyses of these categorical variables were performed using the 2 test. Multivariate analyses of CSF viral suppression were performed by logistic regression. An initial, full model contained all covariates considered in this analysis (plasma VL, CD4 count, total number of ARV drugs, type and duration of current ARV regimen, and adherence). A final, reduced model was determined by performing a series of stepwise, multivariate logistic regressions predicting detectable CSF VL, identifying the best-fit model that explained the greatest variance with the sparsest number of covariates. All analyses were performed using the JMP statistical package (version 5.1.1, SAS Institute Inc, Cary, NC).
RESULTS
Demographic and clinical characteristics are summarized in Table 1 . Of the 467 subjects included in this analysis, 201 (43%) had detectable HIV VL in plasma and 78 (17%) had detectable HIV VL in CSF. The median number of ARV drugs that study participants reported using at the time of their visit was 3 (interquartile range, 3-4). The median CPE rank was 1.5 (interquartile range, 1-2). The 467 subjects in this analysis took 166 different combination regimens. The most commonly used regimen was tenofovir-emtricitabine-atazanavir-ritonavir, which was used by 28 individuals.
Lower CPE ranks correlated with higher HIV VLs in CSF, whether expressed as a continuous (Spearman = −0.12, P = .008) or a categorical measure (P = .03) (Figure) . Subjects who had CPE ranks at or below the median (1.5) had 88% increased odds of having detectable CSF VLs compared with those above the median (20% vs 12%, detectable P = .02). In contrast, CPE ranks were not associated with HIV VLs in plasma, whether VL was expressed as a continuous (Spearman = −0.02, P=.64) or a categorical measure (P = .89). Plasma VLs were also not different between subjects with CPE ranks greater than 1.5 compared with those with lower CPE ranks (42% detectable vs 44%, P = .64). Subjects who reported reduced adherence (at least 1 skipped ARV dose during the previous 4 days) were more likely to have a higher CSF VL (PϽ.001) but did not have different CPE ranks compared with those who did not report reduced adherence (P=.20). Subjects who had treatment durations of less than 3 months were also more likely to have detectable CSF VLs (42% vs 22%, P Ͻ.001).
Because higher plasma VLs, lower CD4 counts, type and duration of ARV regimen, and ARV adherence were associated with higher CSF VLs, a multivariate analysis predicting CSF VL was used to evaluate the variance explained by these factors. The total numbers of ARV drugs were also included because combining ARV drugs can be associated with better virologic response and because, as expected, a larger number of total ARV drugs correlated with higher CPE ranks (Spearman = 0.47, PϽ.001). In the initial model that included all covariates, lower CPE ranks were associated with detectable CSF VL (model R 2 =0.42, PϽ.001). In the best-fit model, as determined by performing a series of multiple logistic regressions, detectable CSF VL was associated with lower CPE ranks (P Ͻ .001) and lower plasma VL (PϽ.001, model R 2 =0.37, PϽ.001). In this model, each unit decrease in CPE rank was associated with a 2.43-fold increase in the odds of having detectable CSF VL (adjusted odds ratio=2.43, 95% confidence interval, 1.56-3.93) ( Table 2) . Alternatively, CPE ranks at or below 1.5 were associated with more than a 3-fold increase in the odds of having detectable CSF VL (odds ratio=3.32, 95% confidence interval, 1.62-6.71). Subjects who had lower central nervous system PenetrationEffectiveness (CPE) ranks were more likely to have detectable cerebrospinal fluid (CSF) viral load when CPE rank was analyzed as a continuous variable (A) or as a categorical variable (B). A, Proportion of subjects with detectable CSF viral load decreases with CPE rank. The proportions (black circles) and 95% confidence interval (vertical bars) were calculated from observations at each CPE rank level (1 subject with a CPE rank of 0 and 2 with a CPE rank of 4 were grouped with the adjacent groups). The solid curve represents predicted proportions of CSF viral suppression from the univariate logistic regression. B, Subjects with a CPE rank greater than 1.5 were 1.88 times more likely to have a detectable CSF viral load.
COMMENT
In this cross-sectional analysis from the CHARTER cohort, poorer ARV penetration, as estimated by lower CPE ranks, was associated with detectable CSF VL, whether expressed continuously (log 10 c/mL) or categorically (Յ50 c/mL or Ͼ50 c/mL). This relationship was independent of the systemic potency of the regimen (as estimated by plasma VLs), ARV adherence, current CD4 count, total number of ARV drugs, and type and duration of current regimen. Because CSF VL suppression is associated with improvement among individuals who have HIV-associated neurocognitive impairment, 12 the CPE scoring system may be clinically relevant, particularly in impaired individuals. Thus, this study's findings provide further evidence that penetration of ARV drugs into the CNS is important for CSF HIV viral suppression and demonstrates successful use of a new metric designed to consider multiple factors related to ARV effectiveness in the CNS.
Univariate analyses demonstrated that CPE ranks explained 12% of the variance in CSF VLs. This modest correlation may reflect the cross-sectional design of this study, which cannot fully account for time-dependent variables, such as time to virologic suppression. Other potential contributors are the highly positively skewed distribution of CSF VLs in CHARTER (83% undetectable), which is similar to other cohorts with a high prevalence of ARV use, and the importance of other predictors, such as plasma VL, in determining CSF VL. Because of the skewed distribution, the predictive ability of the CPE rank may be more accurately demonstrated by the categorical analysis, which indicated that a CPE rank lower than the median (1.5) was associated with nearly double (odds ratio=1.88) the odds of having detectable CSF VL.
Because ARV therapy does not immediately suppress VL to undetectable levels, detectable CSF VLs might simply be due to insufficient time receiving therapy. In previous clinical trials, 13 3 months of combination ARV therapy has been shown to be sufficient to suppress plasma VL levels to undetectable in most individuals. To address this potential confound, treatment duration (categorized as at least 3 months vs less than 3 months) was included in a multivariate model predicting detectable CSF VL. This model demonstrated that lower CPE ranks remained a significant predictor independent of the effects of treatment duration.
Numerous studies have assessed the relationships between penetration of ARV drugs into the CNS and either neurocognitive response or CSF VL ( Table 3) . These studies used varying definitions of CNS penetration and diverse outcome measures, making direct comparisons difficult. For example, to assess penetration, some studies focused on individual drugs (eg, zidovudine or indinavir), others counted the number of penetrating ARV drugs, and others directly measured ARV concentrations in CSF. Clinical outcome measures in these studies were even more diverse and included CSF VL, clinical staging of impairment (eg, Memorial SloanKettering AIDS Dementia Complex), neuropsychological testing (either brief or comprehensive batteries), magnetic resonance spectroscopy, or evoked potentials. Even when studies were prospectively accrued, they were uncontrolled or had CNS response as only a secondary objective. Not surprisingly, these varying methods yielded inconsistent results, which have failed to resolve the controversy about the importance of CNS penetration. Despite these caveats, larger studies (ie, those with osten- sibly greater power) and those that were prospective (vs retrospective) or controlled (included an internal comparison) were more likely to identify that penetration was associated with improved CNS outcomes.
In our recently published article, 12 we examined the CNS effectiveness of ARV regimens that contained CNS penetrating drugs. We found that subjects who took greater numbers of CNS penetrating drugs showed significantly greater reduction in CSF VL. Subjects who attained viral suppression in CSF demonstrated greater neurocognitive improvement than those who did not. The current analysis confirms the prior finding that CNS targeted therapy is important for reducing CSF viral load while using a more detailed approach to describing penetration. This analysis improves on the previous analysis because the study sample is larger (467 in the current analysis vs 31 in the prior analysis) and more generally representative of the HIV-infected clinic population and because the ARV regimens analyzed are more representative of contemporary prescribing practices.
The CPE rank is intended to be a practical approach to estimate the CNS effectiveness of ARV drug regimens taken by HIV patients in the United States. An inherent limitation of the CPE rank approach is the paucity of available information on ARV penetration into the CNS. Because ARV drug concentrations and virologic suppression cannot be directly measured in brain tissue, surrogate markers are used instead, such as chemical characteristics and CSF drug levels. However, the availability of data on ARV drug levels in CSF varies, significantly limiting the ability to make direct comparisons between different drugs. To deal with these limitations in available data, we incorporated an additional class of information into the CPE rank: the degree to which a drug, in previous clinical studies, independently reduced CSF VL or improved neurocognitive impairment, ie, its effectiveness in the CNS. Although the validity of suppression of HIV levels in CSF as a surrogate for treatment of the brain is unknown, considerable evidence supports it.
This initial analysis focused on the relationship between CPE ranks and CSF VL, but future analyses from the CHARTER cohort will examine the relationship between CPE ranks and neurocognitive performance. A more powerful method to assess this relationship would be a clinical trial that randomizes subjects to receive regimens with either low or high penetration. Observational analyses can be confounded by a variety of difficultto-control factors, such as the severity, duration, and reversibility of neurocognitive impairment and the potential influence of the impairment itself on the type of regimens prescribed (eg, the impaired individuals might be more likely to receive more convenient, but less wellpenetrating regimens). Another limitation of this study should be noted. Many of the study subjects were recruited from HIV clinics at North American tertiary care centers, which may limit the generalizability of the findings to other populations.
In this observational study, ARV regimens were selected by the subjects and their care providers. Thus, the low CPE ranks (median 1.5) probably reflect current clinical practice. These low values indicate that the penetration of many clinical regimens can be considerably improved, which could, in turn, have favorable neurologic effects. For example, a 1-unit increase in the CPE rank was associated with a 2.5-fold increase in the odds of an undetectable CSF VL. If the penetration estimate of an ARV regimen could be improved by 2 units (eg, from 1.0 to 3.0, which is clinically feasible), the odds of reaching an undetectable CSF VL would improve by 6-fold. Thus, our data suggest that the CNS effectiveness of ARV regimens could be substantially improved for a significant proportion of those receiving ARV therapy. Previous studies have suggested that improving the treatment of CNS HIV infection can benefit neurological outcomes and reduce overall disability due to neurocognitive impairment in HIV infection
